Background: Endothelial cell tumors are the most common soft tissue tumor in infants. Results: Dicer knockdown up-regulated miR-21a-3p that targeted nox-4 mRNA preventing endothelial cell tumor formation in vivo. Conclusion: Nox-4 silencing inhibits endothelial cell tumor formation. Dicer knockdown up-regulates miR 21a-3p, which targets the Nox-4 3Ј-UTR. . 2 The abbreviations used are: HE, hemangioendothelioma; miR or miRNA, microRNA; MCP-1, monocyte chemoattractant protein-1; RISC, RNA-inducing silencing complex.
MicroRNAs (miR) are emerging as biomarkers and potential therapeutic targets in tumor management. Endothelial cell tumors are the most common soft tissue tumors in infants, yet
little is known about the significance of miR in regulating their growth. A validated mouse endothelial cell (EOMA) tumor model was used to demonstrate that post-transcriptional gene silencing of dicer, the enzyme that converts pre-miR to mature miR, can prevent tumor formation in vivo. Tumors were formed in eight of eight mice injected with EOMA cells transfected with control shRNA but formed in only four of ten mice injected with EOMA cells transfected with dicer shRNA. Tumors that formed in the dicer shRNA group were significantly smaller than tumors in the control group. This response to dicer knockdown was mediated by up-regulated miR 21a-3p activity targeting the nox-4 3-UTR. EOMA cells were transfected with miR 21a-3p mimic and luciferase reporter plasmids containing either intact nox-4 3-UTR or with mutation of the proposed 3-UTR miR21a-3p binding sites. Mean luciferase activity was decreased by 85% in the intact compared with the site mutated vectors (p < 0.01). Attenuated Nox-4 activity resulted in decreased cellular hydrogen peroxide production and decreased production of oxidant-inducible monocyte chemoattractant protein-1, which we have previously shown to be critically required for endothelial cell tumor formation. These findings provide the first evidence establishing the significance of dicer and microRNA in promoting endothelial cell tumor growth in vivo.
Endothelial cell tumors are the most common soft tissue tumor in infants and affect 5-10% of all newborns in the United States and Europe (1) (2) (3) . The majority of these tumors occur in the head and neck area causing significant visible deformity. Some (10%) of these tumors are known to threaten the devel-opment of vital structures, and 1% of all tumors are known to threaten the life of the child (4) . A validated mouse model has been developed to identify mechanisms that regulate the growth of hemangioendothelioma, an endothelial cell tumor that occurs in children (5, 6) . Murine endothelial (EOMA) cells derived from a spontaneously arising hemangioendothelioma (HE) 2 in 129 P/3 mice can be grown in vitro and injected subcutaneously into mice to form HE in vivo. Using this approach, we have previously demonstrated that oxidant-inducible expression of monocyte chemoattractant protein-1 (MCP-1) and macrophage recruitment is required for HE growth (7) . Our work has recognized that the primary source of reactive oxygen species in endothelial cells is NADPH oxidase (8) . The predominant isoform of the gp91 catalytic subunit of NADPH oxidase present in tumor forming EOMA cells is Nox-4. Abundance of the nox-4 gene, which is constitutively expressed, is elevated 69-fold in EOMA cells compared with non-tumor forming murine aortic endothelial cells (8) . When nox-4 transcription is inhibited using post-translational gene silencing techniques or oxidant function is reduced through in vitro or oral administration of antioxidants, HE growth is significantly inhibited (7, 9) . Therefore, the Nox-4/MCP-1 axis represents a rational therapeutic target for inhibiting HE growth in vivo.
Although endothelial cell tumors are the most common soft tissue tumors in infants, little is known about the significance of miR in regulating their growth. The objective of this work was to determine how microRNA (miRNA or miR) regulate the Nox-4/MCP-1 pathway that is critical to endothelial cell tumor proliferation. Disruption of miR homeostasis in the tumor cells was achieved by post-transcriptional gene silencing of dicer, a protein that regulates miR biogenesis by converting preliminary miRNA (pre-miR) to mature miRNA capable of binding a target mRNA sequence. Dicer protein and mRNA levels and disease progression have been shown to positively correlate with some tumor types and negatively with other tumors (10 -* This work was supported, in whole or in part, by National Institutes of Health 12). Thus, the expression of Dicer and its effects on tumor progression are specific to the cell type and context of miR expression. Of note, dicer expression levels and the contribution of miR to endothelial cell tumor progression have not been previously reported. Post-transcriptional gene silencing of dicer in EOMA cells was performed to test the significance of Dicer in endothelial cell tumor formation in vivo and to determine how changes in dicer levels may affect the Nox-4/MCP-1 axis that is critically required for HE growth.
MATERIALS AND METHODS
The following materials were obtained from the source indicated: hexadimethrine bromide, dimethyl sulfoxide, actinomycin D, and puromycin (Sigma); for cell culture, DMEM, FCS, and penicillin and streptomycin were purchased from Invitrogen. Culture dishes were obtained from Nunc (Rochester, NY).
Cell Culture-Murine endothelial (EOMA) cells were maintained under the same conditions as previously described (13) . In brief, EOMA cells were maintained in DMEM supplemented with 10% FCS and 1% penicillin/streptomycin (complete media) and incubated at 37°C and 5% CO 2 .
Stable Cell Lines-For generating stable cell lines, EOMA cells were stably transfected with control scrambled shRNA or 58-bp dicer lentiviral shRNA particles (Sigma) (5Ј-CCGGGC-CTCACTTGACCTGAAGTATCTCGAGATACTTCAGC-GTCAAGTGAGGCTTTTTG-3Ј). EOMA cells were plated in 96-well plate (6.0 ϫ 10 3 well) 24 h prior to infection including hexadimethrine bromide (8 g/ml). Viruses were added at 10 multiplicity of infection to each well. After 24 h, puromycin (10 mg/ml) was added to cell culture media according to the manufacturer's protocol to select stably transfected clones. Single virus clones were selected to generate monoclonal cell lines. Media with selective antibiotic was replaced at 48-h intervals until cell harvest. Effective knockdown of dicer was confirmed by real time PCR and Western blot.
In Vitro Transfection of miR Mimic or siRNA-EOMA cells (0.1 ϫ 10 6 cells/well in 12-well plate) were seeded in antibiotic free medium for 18 -24 h prior to transfection. DharmaFECT TM 1 transfection reagent was used to transfect cells with miRIDIAN mmu-miR-21a-3p mimic (50 nM), mmu-miR-21a-3p inhibitor (100 nM), or dicer siRNA (100 nM; Thermo Scientific Dharmacon RNA Technologies, Lafayette, CO) per the manufacturer's instructions (14 -17) . miRIDIAN miR mimic/inhibitor negative controls or siControl nontargeting siRNA pool (Thermo Scientific Dharmacon RNA Technologies) were used for control transfections. Samples were collected after 72 h of miR mimic or siRNA transfection for quantification of miRNA, mRNA, or protein expression.
RNA Extraction and Quantitative Real Time PCR-For detection of mRNA and miRNA, total RNA from tissue and cells was extracted using miRVana miRNA isolation kit according to the manufacturer's protocol (Ambion/Invitrogen) (15, 16) . For pre-miRNA isolation, RNA were collected with two column filtration procedure using miRVana miRNA isolation kit according to the manufacturer's protocol (18) . Pri and mature miR expression was determined by miR TaqMan assays and TaqMan microRNA reverse transcription kit, followed by quantitative real time PCR using Universal PCR Master Mix (Applied Biosystems/Invitrogen). For mRNA expression studies, cDNA synthesis was achieved by SuperScript TM III first strand synthesis system (Applied Biosystems/Invitrogen). The abundance of mRNA for genes of interest was quantified by using real time PCR with double-stranded DNA binding dye SYBR green-I (15, 16) . The primer sets for JE/MCP-1, nox-1-4, duox1, and duox2 were the same sets as previously reported (8) . Additional custom primer sets (Invitrogen) used for these experiments included: M_18s rRNA F, 5Ј-GTA ACC CGT TGA ACC CCA TT-3Ј; M_18s rRNA R, 5Ј-CCA TCC AAT CGG TAG TAG CG-3Ј; M_DICER F, ACA CGC TCT GGA GAG GTC ACC ATA T-3Ј; M_DICER R, TCC AAA GTG CCG GAG TCA TTA A-3Ј; M_Pre-miR-21a-3p F, TGT ACC ACC TTG TCG GAT AGC T; and M_ Pre-miR-21a-3p R, GAT ACC AAA ATG TCA GAC AGC C.
pGL3-NOX-4Ј-UTR Luciferase Reporter Assay-EOMA cells (0.075 ϫ 10 6 cells/well in 12-well plate) were seeded in antibiotic free medium for 18 -24 h prior to transfection. Cells were transfected as discussed earlier with control and miR-21a-3p mimic for 72 h. After 72 h, cells were transfected with pGL3nox-4-3Ј-UTR firefly luciferase expression construct (500 ng/sample; Signosis, Sunnyvale, CA) or construct carrying the mutation of the predicted miR-21a-3p binding site in pGL3nox-4-3Ј-UTR (500 ng/sample; Signosis) together with Renilla luciferase pRL-cmv expression construct (10 ng/sample) using Lipofectamine TM LTX PLUS TM reagent (Invitrogen). The constructs were designed based on the sequence of miR-21a-3p binding sites, and a total of 959 bp was cloned in the 3Ј-UTR of constitutively active firefly luciferase construct. Mutation was made in the predicted miR-21a-3p binding site. The cell lysates were assayed with dual luciferase reporter assay kit (Promega, Madison, WI). The data are presented as ratio of firefly to Renilla luciferase activity.
Western Blot Analysis-Immunoblotting was performed using EOMA cell lysates. After protein extraction, the protein concentration was determined by BCA protein assay. The samples (25-40 g of protein/lane) were separated on a 4 -12% SDS-polyacrylamide gel electrophoresis and probed with rabbit polyclonal anti-Nox-4 antibody (1:1000 dilution; Epitomics, Burlingame, CA), rabbit polyclonal anti-dicer 1 antibody (1:400 dilution; Abcam, Cambridge, MA), lamin A (1:500 dilution; Sigma), and anti-mouse ␤-actin (1:10,000 dilution; Sigma). Bands were visualized by horseradish peroxidase-conjugated anti-rabbit IgG raised in donkey and horseradish peroxidase-conjugated anti-mouse IgG raised in sheep (Amersham Biosciences) at 1:2,000 dilution and the enhanced chemiluminescence assay (Amersham Biosciences), according to the manufacturer's instructions.
Capillary Electrophoresis Immunoassay-Capillary electrophoresis immunoassay or SimpleWestern analyses were performed using the Simon TM machine (ProteinSimple, Santa Clara, CA) according to the manufacturer's protocol. In brief, 7.5-g samples were mixed with a master mix (ProteinSimple) to a final concentration of 1ϫ sample buffer, 1ϫ fluorescent molecular weight markers, and 40 mM DTT and then heated at 95°C for 5 min. The samples, blocking reagent, primary antibodies, HRP-conjugated secondary antibodies, chemiluminescent substrate, and separation and stacking matrices were also dispensed to designated wells in a 384-well plate. After plate loading, the separation electrophoresis and immunodetection steps took place in the capillary system and were fully automated. Simple Western analysis is carried out at room temperature, and instrument default settings were used. Nox-4 (1:50 dilution), Lamin A (1:50 dilution), and ␤-actin (1:100 dilution) primary antibody were diluted with antibody diluent (ProteinSimple). The digital image was analyzed with Compass software (ProteinSimple), and the quantified data of the detected protein were reported as molecular weight (19, 20) .
Determination of Intracellular Peroxides-Intracellular peroxides were detected using dichlorodihydrofluorescein diacetate as described previously (7) . Control and miR-21a-3p mimic transfected cells were washed three times with PBS. Cells were detached from monolayer using trypsin and centrifuged (600 ϫ g for 5 min). Next, the cells were washed with PBS and centrifuged, then resuspended in PBS, and incubated with dichlorodihydrofluorescein diacetate (40 m) for 30 min at 37°C. 5-(and-6)-Carboxy-2Ј,7Ј dichlorofluorescein diacetate oxidation was detected using an Accuri C6 Flow Cytometer (Accuri, Ann Arbor, MI) at 530-nm excitation with a gated sample size of 10,000 cells. For hydrogen peroxide detection, Amplex Red assay (Invitrogen) was used according to the manufacturer's instructions (Invitrogen) as described previously (7) . Spectrophotometric readings were obtained at 530-nm excitation and 590-nm fluorescence detection using a Bio-TEK ELX 808IU micro plate reader (Bio-TEK Instruments).
In Vitro Angiogenesis Assay-Four-well plates were coated with 100 l of Matrigel (Cultrex Basement membrane extract reduced growth factor; R&D Systems, Minneapolis, MN) and let to solidify for 30 min at 37°C. Next, stably transfected control and dicer shRNA cells were seeded (3 ϫ 10 4 cells/well) on top of the solidified Matrigel and maintained in a cell culture incubator. After 24 h of cell seeding on Matrigel, cells were stained with 3 M calcein-AM (Invitrogen) 20 -30 min at 37°C and 5% CO 2 . Endothelial tube formation was observed and digitally photographed under an inverted light microscope at 5ϫ magnification (Axiovert 200M; Zeiss, Oberkochen, Germany). Tube formation was quantified by AxioVisionRel 4.8 software (Zeiss) to measure total area within the tubes (17) .
Cell Migration Assay-For migration assay, control shRNA and dicer shRNA lentiviral particle stable infected EOMA cells (3 ϫ 10 5 cells/0.6 ml of complete medium) were seeded in the lower chamber of the 24-well plates, incubated for 8 h at 37°C and 5% CO 2 to allow adherence. After 8 h, the medium was changed to low serum medium (0.6 ml). Equilibrated Transwell inserts (8-m pore size; Costar, Corning, NY) were placed, and RAW cells were seeded (5 ϫ 10 5 cells/0.1 ml of low serum medium) on upper chamber, and cells were kept in cell culture incubator for 5 h (8). After 5 h, cells were fixed using 10% formalin at room temperature for 10 min and stained with DAPI (1:10,000; Vector Laboratories, Burlingame, CA) at room temperature for 10 min. After staining cells on the upper surface of the Transwell membrane were removed by rubbing with a sterile cotton swab, and cells on the lower surface were visualized by microscopy. Cell migration was measured by AxioVisionRel 4.8 software (Zeiss) for taking the pictures and counted cell number for cell migration rates.
MCP-1 ELISA-EOMA cells (0.1 ϫ 10 6 cells) were seeded in 12-well plates. MCP-1 level in the medium was determined FIGURE 1. MicroRNA biogenesis is essential for endothelial cell tumor formation. EOMA cell stable transfectants were generated using lentiviral shRNA delivery. A and B, targeted post-transcriptional gene silencing of dicer was confirmed by Western blot (A) and real time PCR (B). C and D, Matrigel angiogenesis assay was used to evaluate the functional effects of dicer knockdown in vitro. Cells were stained with calcein-AM (C), and the area within the formed tubes was quantitated by analyzing three high powered fields per well using AxioVision Rel 4.8 software (D). Matrigel tube formation was compromised in dicer knockdown EOMA cells. E, reduced tumor size in response to dicer knockdown. F, incidence of tumor formation in mice injected with EOMA cells transfected with controls shRNA or dicer shRNA. G, tumor volume as quantified using calipers (length ϫ width ϫ height). The results are means Ϯ S.D. of at least three independent experiments. *, p Ͻ 0.05. using commercially available ELISA kit (R&D Systems, Minneapolis, MN) according to the manufacturer's instructions. Absorbance was detected at 450 nm. BCA protein assay was performed on an aliquot of all tested samples, and the results were standardized per milligram of protein.
Immunocytochemistry-Cells (0.1 ϫ 10 6 cells/well) were seeded on a coverslip placed in 12-well plates for 24 h and then transfected with control and miR21a-3p mimic for 72 h. After 72 h of transfection cells were washed with PBS three times and then fixed in 10% buffered formalin for 20 min. Next, the cells were washed three times with PBS followed by permeabilization using 0.1% Triton X-100/PBS for 15 min. Next, the cells were washed three times with PBS, incubated with 10% goat serum (Vector Laboratories) for 1 h at room temperature, and incubated with Nox-4 antibody (1:100; Epitomics, Burlingame, CA) overnight at 4°C. The cells were washed with PBS three times and incubated with an Alexa Flour 488 goat anti-rabbit antibody (1:200 dilution; Invitrogen) for 1 h at room temperature. Cells were counterstained with rhodamine phalloidin (1:250 dilution; Invitrogen) for 20 min and mounted in gel mount with DAPI (aqueous mount; Vector Laboratories). The images were captured by confocal microscope, and quantifica-tion of fluorescent intensity of image was measured using FV10-ASW 3.0 software (Olympus, Tokyo, Japan).
Immunoprecipitation and Total RNA Extraction-EOMA cells were seeded in a 12-well plate at a density of 0.1 ϫ 10 6 cells/well 24 h before treatment. Cells were transfected as described above with control and dicer siRNA for 72 h. After 72 h, cells (3 wells/sample) were washed with ice-cold phosphate-buffered saline (pH 7.4) and lysed with lysis buffer (150 mM KCl, 25 mM Tris-HCl, 5 mM EDTA, 0.5% IgePal, 1 mM PMSF, 1ϫ protease inhibitor) as described previously (21) . Protein concentration was determined using the BCA protein assay kit (Pierce). TrueBlot anti-rabbit Ig IP beads (eBiosciences, Inc., San Diego, CA) were prewashed with lysis buffer for 40 min. Cell lysates (500 g) were incubated with prewashed beads for 1 h at 4°C on a rotisserie shaker (Barnstead/Thermolyne, Dubuque, IA). 5-10 g of anti-human Ago2 antibody (Abcam) were added with the lysate and incubated overnight in a rotisserie shaker at 4°C. The beads were then washed three times with ice-cold lysis buffer (centrifugation at 2500 ϫ g at 4°C for 5 min) and separated into two portions: one portion for RNA isolation to identify miRNA target genes and another portion for Western blotting to check for successful IP of Ago2. Immu- noprecipitated complexes were washed three times with lysis buffer (centrifugation at 2500 ϫ g at 4°C for 5 min). For Western blot, samples were subjected to SDS/PAGE after reduction with 1 M DTT (21, 22) . RNA were isolated using TRIzol and glycogen (Invitrogen) (21) .
In Vivo Endothelial Cell Tumor Studies-All animal protocols were approved by the Institutional Animal Care and Use Committee of the Ohio State University (Columbus, OH). The mice were maintained under standard conditions at 22 Ϯ 2°C with 12:12 dark:light cycles with access to food and water ad libitum. 129P/3 mice (6 -8 weeks, female; Jackson Laboratories, Bar Harbor, ME) were subcutaneous injected with EOMA cells, as previously described (13) . Tumor volume was determined using calipers to measure length, width, and height of each tumor. Tumor mass was determined by draining the blood from the tumor and weighing the residual solid tumor mass dissected free from any surrounding soft tissue as previously described (13) . Mice were killed on days 4 and 7 after the injection, and tumor tissue was either embedded in OCT compound and frozen for histological analyses or snap frozen in liquid nitrogen for RNA isolation.
Statistical Methods-At least three independent replicates were conducted for all experiments. Two-sided two-sample t test was used to compare the difference between two groups, and analysis of variance for comparison among more than three groups with Tukey's adjustment for the multiple pairwise comparisons among groups. Nonparametric procedures were used when normality assumptions of the data were violated even after proper data transformation. A p value of Յ0.05 was considered statistically significant.
RESULTS
To determine whether microRNA biogenesis plays a significant role in endothelial cell tumor development, stable transduction of EOMA cells with dicer shRNA was performed. Western blot confirmed successful knockdown as manifested by significantly decreased Dicer protein and gene expression ( Fig. 1, A and B) . A Matrigel TM assay was performed to test the potential anti-angiogenic effects of Dicer knockdown on EOMA cells. There was a significant decrease in EOMA cell tube forming capacity in dicer shRNA transfected cells compared with control shRNA transfected cells (Fig. 1, C and D) . Endothelial cell tumor formation following subcutaneous injection of EOMA cells is a validated in vivo model of angiogenesis, because it requires tumor forming endothelial cells to establish a connection with host vasculature to develop into a tumor that is perfused and filled with blood. When EOMA cells were injected into syngeneic 129 P/3 mice, HE tumor formation occurred in all mice receiving control transfected EOMA cells, but only in 4 of 10 mice receiving dicer shRNA transfected EOMA cells (Fig. 1E) . These mice were euthanized, and HE were collected after 7 days because that is the time when the mice will start to succumb to high output cardiac failure from platelet and red blood cell sequestration within the tumor (Kassabach-Merritt phenomenon). The HE that did develop from the dicer shRNA transfected cells were significantly smaller in size compared with the tumors observed in the control transfection group (Fig. 1F) . Thus, dicer and its essential function in miR biogenesis play a significant role in promoting HE formation in vivo.
In vitro experiments aimed at testing whether the effects of Dicer on HE growth were mediated through the Nox-4/MCP-1 axis were conducted using a siRNA-dependent dicer knockdown approach. The murine dicer mRNA sequence (NCBI reference sequence NM_148948.2) from nucleic acids 280 -3959 is shown and binding sites of the dicer siRNA (amino acids 1021-1029, 1457-1475, 1841-1859, and 3870 -3888) and dicer shRNA (amino acids 1345-1356) were identified and confirmed not to target the same mRNA sequence to eliminate the possibility that off target effects were responsible for the observed results ( Fig. 2A) . Successful post-transcriptional gene silencing of dicer following siRNA transfection was tested by Western blot and real time PCR (Fig. 2, B and C) . NADPH oxidase is known to be the primary source of ROS in endothelial cells, and gp91 is the catalytic subunit in NADPH oxidase responsible for ROS production. To determine whether Dicer knockdown affected NADPH oxidase expression, real time PCR was performed on all known isoforms of gp91 observed in mice. Nox-4 was the predominant isoform detected in EOMA 
cells, and it was significantly inhibited by Dicer knockdown,
whereas all other isoforms were represented by trivial levels of expression and were not affected by dicer knockdown (Fig. 2D ). Nox-4 Western blot confirmed the real time PCR results demonstrating a significant decrease in Nox-4 protein levels in response to Dicer knockdown ( Fig. 2E ). To determine whether there was a loss of Nox-4 function after Dicer knockdown, ROS production was measured. Dicer knockdown significantly decreased ROS production (Fig. 2F) . The bioactive form of ROS produced by NADPH oxidase in EOMA cells is H 2 O 2 . H 2 O 2 levels were significantly lower in response to dicer knockdown (Fig. 2G) .
In EOMA cells, Dicer knockdown limited both MCP-1 protein, as well as gene expression (Fig. 3, A and B) . The functional activity of MCP-1 was tested using a Transwell assay in which murine RAW macrophages were placed in the upper chamber and EOMA cells transfected with either control or dicer siRNA were placed in the lower chamber. Dicer knockdown in EOMA cells resulted in a significant decrease in RAW cell migration toward EOMA cells (Fig. 3, C and D) .
The observation that Dicer knockdown in EOMA cells resulted in attenuated Nox-4-derived cellular H 2 O 2 production, MCP-1 expression, and blunted angiogenic property of EOMA cells in vitro can be explained by two possible mechanisms. First, compromised miR maturation resulted in desilencing of target protein(s), which in turn repressed Nox-4 expression. In this case, the effect of dicer on Nox-4 would therefore be indirect. However, Nox-4 is constitutively expressed, and endogenous proteins that repress Nox-4 in endothelial cells have not yet FIGURE 4 . Dicer knockdown compromised processing of pre-miR to mature miR, resulting in decreased abundance of angiogenic miRs 18a, 27b, and 32 but increased abundance of miR-21a-3p. A, the amount of RNA 50 -100 nucleotides in size, consistent with the size of pre-miR, was measured in response to dicer knockdown. Prior to analysis, the RNA integrity (RIN) of the samples was analyzed on a scale of 1-10 (where 10 is the highest integrity) to ensure that fragments were not derived from sample degradation. Dicer knockdown resulted in the accumulation of RNA fragments the size of pre-miR. B and C, real time PCR analyses showed that dicer knockdown in EOMA cells resulted in decreased processing of pre-miR to mature miR as shown with miR18a, miR27b, and miR32 both in vitro (B) and in vivo (C) from HE tumor extracts generated using EOMA transfected with dicer shRNA. D and E, dicer knockdown did not alter cellular levels of miR21a but did increase miR21a-3p in dicer siRNA transfected (D) and dicer shRNA transfected cells (E). F and G, HE specimens showed increased miR-21a-3p expression between days 4 and 7 after injection with untreated EOMA cells with a corresponding decrease in dicer mRNA levels confirming in vitro findings. The results are means Ϯ S.D. of at least three independent experiments. *, p Ͻ 0.05. been reported. Second, perturbation in mature miR homeostasis as caused by dicer knockdown resulted in transient increase in abundance of a specific miR that targeted nox-4, providing a direct mechanism to inhibit HE formation, and this was the line of investigation that was pursued.
Dicer functions by cleaving preliminary miRNA (pre-miRNA) sequences into mature miR that are 20 -24 nucleotides in length. To confirm that Dicer cleavage of pre-miRNA was decreased, pre-miRNA of 50 -100 nucleotides in length were quantified. RNA integrity was also qualitatively assessed to rule out the option that the 50 -100-nucleotide RNA fragments were merely products of RNA degradation. A significant increase in the accumulation of RNA of 50 -100 nucleotides in length was observed after dicer shRNA transfection compared with control, and the RNA integrity was excellent (Fig. 4A) . Although 18 and 26 S RNA are also in the size range for pre-miRNA, they have separately identifiable peaks that allow them to be excluded when calculating the pre-miRNA concentration. We sought to quantitate the amount of RNA of 20 -40 nucleotides in length, because mature miR are 20 -24 nucleotides in length. However, the amount of RNA of that size fell below the 50 pg/l threshold level of detection for the Bioanalyzer 2100. Therefore, real time PCR was used to demonstrate a quantitative decrease in miR-18a, 27b, and 32, because they are known to promote angiogenesis in endothelial cells (23) (24) (25) . There was a significant decrease in the amount of the above-mentioned mature miR after Dicer knockdown in vitro (Fig. 4B ) and in vivo from HE tumors generated using EOMA transfected with Dicer shRNA (Fig. 4C) , confirming the loss of Dicer functional activity in EOMA cells both in vitro and in vivo.
miR-21 was selected as a potential candidate for increased expression in EOMA cells after Dicer knockdown as increased abundance of miR-21 has been observed in many cancers (26 -29) . Real time PCR was used to measure miR-21a levels in EOMA cells, because this represents the murine homolog for human miR-21. The classic miR-21a target strand was identified, but it did not vary in response to Dicer knockdown. When we screened for the passenger strand (miR-21a-3p) using real time PCR, it was noted that miR-21a-3p expression increased after dicer knockdown using both siRNA and shRNA techniques (Fig. 4, D and E) . The increase in miR21a-3p expression in response to Dicer knockdown, coupled with decreased levels of other miRs, suggests that miR-21a-3p is preferentially processed when Dicer levels are low. To confirm the validity of this in vitro observation, real time PCR was used to measure the levels of miR-21a and miR-21a-3p in homogenized HE tumor specimens collected 4 and 7 days after injection of untreated EOMA cells. There was no change in miR-21a levels in HE over time, but there was a significant increase in miR-21a-3p levels from days 4 to 7 (Fig. 4F) , and there was a corresponding decrease in the level of dicer mRNA expression observed in HE between days 4 and 7 (Fig. 4G) .
For mature miR to bind to the target mRNA sequence, it must be loaded into the RISC complex and specifically onto the . miR-21a-3p loading into the RISC complex and half-life were increased in response to dicer knockdown. Ago-2 immunoprecipitation (IP) was performed to identify miR loaded into the RISC complex and ready to bind mRNA targets. A, immunoblot for Ago-2 immunoprecipitation showed significant levels of Ago-2 protein in the immunoprecipitate, but not in cell lysate or cell supernatant fractions. B, miR-21a-3p abundance after Ago-2 immunoprecipitation was significantly increased after dicer knockdown. C, real time PCR analysis of miR-21a after Ago-2 immunoprecipitation remained unchanged in response to dicer knockdown. D and E, measurement of pri-miR-21a-3p (D) and pre-miR-21 (E) by real time PCR did not show any significant increase in abundance following dicer knockdown. F, miR-21a-3p decay was examined 6 h after addition of actinomycin D (2.5 g/ml) in control and dicer siRNA transfected EOMA cells. A significant decrease in miR-21a-3p in control siRNA transfected cells but not in dicer siRNA transfected cells was noted. The results are means Ϯ S.D. of at least three independent experiments. *, p Ͻ 0.05. catalytic protein, Argonaute-2 (Ago-2). The functional readiness of miR-21a-3p in EOMA cells was analyzed by performing Ago-2 immunoprecipitation and measuring the amount of Ago-2 bound miR-21a-3p that was poised to bind target mRNA. The immunoblot in Fig. 5A shows that immunoprecipitation was able to specifically isolate Ago-2 protein from EOMA cell lysate. Dicer knockdown resulted in significantly increased binding of miR-21a-3p to Ago-2 ( Fig. 5B) , but there was no change in miR-21a binding to Ago-2 (Fig. 5C ). This confirmed the specificity of miR-21a-3p as mediating the observed effects of Dicer knockdown and indicated enhanced loading of miR21a-3p into the RISC complex under conditions of Dicer knockdown. Next, we sought to determine whether increased binding of miR-21a-3p to Ago-2 protein was caused by increased biogenesis or decreased degradation of miR-21a-3p. miR biogenesis entails production of a long primary nucleotide sequence (pri-miRNA) in the nucleus that undergoes cleavage to yield a shorter sequence called preliminary miRNA (pre-miRNA) that is exported into the cytoplasm. No difference was observed in pri or pre levels of miR-21a-3p between controls and Dicer knockdown cells (Fig. 5, D and E) . It is thus established that Dicer knockdown does not cause an increase in miR-21a-3p biogenesis.
To test miR-21a-3p stability, transfected EOMA cells were treated for 6 h with actinomycin D to inhibit de novo oligonu-cleotide synthesis. There was a low basal level of miR-21a-3p present in transfection controls, which significantly decreased in response to treatment with actinomycin D, suggesting rapid use and degradation of miR-21a-3p over the 6-h exposure examined. EOMA cells transfected with dicer siRNA had significantly increased basal levels of miR-21a-3p compared with corresponding controls, consistent with results observed in Fig.  4 (D and E) . However, in dicer siRNA transfected cells, there was no significant change in miR-21a-3p levels in response to actinomycin D treatment (Fig. 5F ). Collectively, these results indicate that under the condition of Dicer knockdown, miR-21a-3p is protected from degradation while being loaded in the RISC complex, thereby extending its half-life.
With the goal of testing a causal relationship between miR-21a-3p and endothelial cell tumor formation, rescue experiments were performed using miR-21a-3p mimics and inhibitors in dicer siRNA transfected EOMA cells to demonstrate the impact of this miR on the angiogenic phenotype of tumor forming endothelial cells (Fig. 6A) . Dicer mRNA levels were measured in these same cells treated with either miR-21a-3p mimic or inhibitor to confirm that they did not affect the siRNA knockdown of dicer (Fig. 6B) . Western blot showed a significant decrease in Nox-4 protein level after treatment with the miR-21a-3p mimic, although the miR-21a-3p inhibitor did not increase Nox-4 protein levels as expected (Fig. 6C) . This obser- vation may be attributable to a combination of extremely high levels of constitutively expressed Nox-4 protein and the relative lack of potency of the miR inhibitor compared with the miR mimic. Matrigel TM experiments were used to visualize the extent of miR-21a-3p inhibition on the angiogenic phenotype of EOMA cells. The addition of miR mimics to dicer siRNA transfected EOMA cells markedly inhibited tube formation, whereas the addition of the miR-21a-3p inhibitor to dicer siRNA transfected cells was able to restore the tube forming capacity of the EOMA cells back to dicer siRNA baseline levels (Fig. 6 , D and E; for effects of dicer siRNA alone on EOMA cell tube formation see Fig. 1, C and D) .
Having identified an increase in miR-21a-3p abundance relative to other miR following Dicer knockdown, the next step was to determine whether this miR strand targeted Nox-4. To test this hypothesis, potential binding sites for miR-21a-3p in the 3Ј-UTR of nox-4 were identified, and firefly luciferase reporter plasmids were constructed containing either the wild type/intact 959-bp 3Ј-UTR sequence or a 779-bp sequence containing mutations at each of the five potential binding sites at positions 239 -260, 327-355, 444 -474, 501-521, and 710 -729 ( Fig. 7A ). Nox-4 reporter plasmids were co-transfected with Renilla firefly luciferase plasmids into EOMA cells previously treated with either control mimics or miR-21a-3p mimics. There was a significant decrease in luciferase levels with intact nox-4 3Ј-UTR in the presence of elevated miR-21a-3p and no difference in the luciferase levels between control and miR-21a-3p mimics observed in cells transfected with the mutated nox-4 3Ј-UTR sequence (Fig. 7B) . To confirm the loss of Nox-4 function with elevated miR-21a-3p, cellular levels of H 2 O 2 were measured using an Amplex Red assay and were significantly lower in cells treated with miR-21a-3p mimic (Fig. 7C) .
Because miR-21a-3p binding to nox-4 has not been previously described, confocal microscopy was used to provide additional evidence testing the effects of miR-21a-3p on Nox-4 protein expression. EOMA cells were incubated with fluorescently labeled antibodies to identify the nucleus (DAPI), Nox-4, and the cytoskeleton (phalloidin) within EOMA cells, and comparisons were made between cells treated with control mimics versus miR-21a-3p mimics (Fig. 8A) . In both groups, Nox-4 expression was localized to the perinuclear area with a significant decrease in Nox-4 fluorescence intensity in the miR21a-3p-treated cells (Fig. 8B) . Higher resolution images revealed that Nox-4 was localized directly on the nucleus and perhaps within the nucleus or located on invaginations of the nuclear membrane based on cross-sectional images of EOMA cells (Fig.  8C) . Additional data to support this observation were obtained using Western blot to compare levels of Nox-4 protein detected in nuclear versus cytosolic fractions of EOMA cells with approximately a 15-fold increase in nuclear Nox-4 protein compared with cytosolic levels (Fig. 8D) . These results visualize and quantify the strong association between Nox-4 and the nucleus of tumor forming endothelial cells.
DISCUSSION
MicroRNA are gaining increasing recognition for their role in regulating solid tumor formation (30 -33) . However, there is scanty literature addressing the significance of miR in the types of endothelial cell tumors commonly seen in infants and children. A commonly accepted paradigm in cancer biology views microRNA as providing a stabilizing role ("applying the brakes") that maintain cellular differentiation and that loss of Dicer activity and miR production ("removing the brakes") allows cells to go back to a less differentiated and unchecked proliferative state. Low Dicer levels are commonly reported in solid tumors including breast (34) , ovarian (35) , prostate (12) , and skin (36) cancers when compared with normal tissue. Targeted silencing of dicer is known to perturb miR biogenesis in a manner where the levels of most mature miRs go down desilencing their targets. Interestingly, even with such a perturbation in miR biogenesis, the cellular levels of some miR remain relatively unchanged (37, 38) . Outcomes of Dicer knockdown in the endothelial cell tumor model are consistent with that paradigm. When Dicer was knocked down using post-translational gene silencing techniques, tumor-forming capability was lost, indicating that there is a threshold level of Dicer activity necessary to maintain miR production and promote tumor formation. These results establish the central role of Dicer activity and related mature miR homeostasis in the formation of hemangioendothelioma.
Cellular oxidants are commonly implicated in neoplastic transformation (39, 40) . However, the source of these oxidants and how they initiate or support cellular transformation remains poorly understood for many malignancies. We have previously demonstrated that Nox-4 is a critical source of reactive oxygen species production that drives HE tumor formation (8) . Nox-4 is constitutively expressed in endothelial cells, and expression of endogenous proteins that inhibit Nox-4 or miR that target Nox-4 in endothelial cells has not been previously reported. miR-25 has been reported to target Nox-4 in renal cells (41) . Our earlier work have identified that in healthy microvascular endothelial cells, Nox-dependent angiogenic property is subject to control by miRs (17) . This work provides the first evidence demonstrating that in tumor forming endothelial cells, Nox-dependent angiogenic property is regulated by a novel miR pathway. The identification of miR-21a-3p for its ability to target nox-4 is intriguing because the significance may extend to other health and disease settings. miR-21 is widely recognized as an "oncomiR" because many of its targets are tumor suppressors, and elevated miR-21 levels have been observed in many forms of cancer (42, 43) . Additionally, our previous work has identified miR-21 as a key regulator of inflammation (44, 45) . One plausible explanation for the dual function of miR-21 is that the target strand targets tumor suppressors, and the passenger strand targets inflammatory proteins. Another possible explanation for the significance of the 3p strand is that low Dicer levels result in alternative miR pro- cessing with an expression bias to 3p strands as has been recently reported in mice with a mutation in a single allele for the dicer 1 gene (46) . The observation that miR-21a-3p targets nox-4 indicates that it functions as a key regulator at the intersection of inflammation, redox biology, and cancer biology. MicroRNA biogenesis may be broadly explained by three distinct steps: (i) transcription of pri-mIR, (ii) processing of pri-miR to pre-miR, and (iii) processing of pre-miR to mature miR, followed by decay. Gantier et al. (37) noted that miR-21 had a relatively long half-life after dicer knockdown. This work presents the first results identifying the mechanism for elevated miR-21 under conditions of lowered dicer levels. We demonstrate that miR-21a-3p is specifically loaded into the RISC complex, and this protects it from rapid decay. There is evidence in the literature to support the conclusion that loading in the RISC complex slows miR decay (47) . This work is the first to demonstrate that such a principle of slower miR turnover applies to miR-21 under conditions of dicer knockdown. Although low Dicer levels and elevated miR-21 have been previously reported for solid tumors, this work presents the first evidence of a dynamic relationship between increasing abundance of miR-21a-3p and decreasing levels of dicer using in vivo tumor specimens. Further studies to delineate the mechanisms regulating this observed effect may provide greater insight into how Dicer and miR-21 promote neoplastic transformation in those tumors in which Dicer levels are low and miR-21 levels are high.
We have previously demonstrated that Nox-4-derived H 2 O 2 is present in the nucleus of EOMA cells and that mice with HE have elevated levels of oxidized DNA, detected as 8-hydroxy-2deoxyguanosine, in their urine. This observation is significant because the nucleus is weak in peroxidase capabilities (8) , and the close proximity to Nox-4, a major source of cellular oxidants, implies that DNA within the nucleus is at high risk for oxidative damage. Removal of oxidized DNA through base excision repair puts cell at increased risk for single-strand breaks with low fidelity DNA repair and accumulation of mutations that promote tumorigenesis (40, 48) . Elevated levels of oxidized 8-hydroxy-2-deoxyguanosine have been reported in the clinical setting for several different kinds of tumors including breast (49) , lung (50) , and bladder (51) . The selective localization of Nox-4 to the perinuclear space as reported in this work indicates that this co-localization is likely a significant contributor to endothelial cell transformation.
In summary, this work presents first evidence demonstrating the essential role of Dicer and miR biogenesis to endothelial cell tumor formation. It also provides the first evidence identifying miR-21a-3p as an endothelial cell-derived endogenous inhibitor of Nox-4 activity. This is significant because Nox-4 is known to mediate pathologic inflammatory conditions in endothelial cells such as pulmonary artery fibrosis (52) and atherosclerosis (53) . This work also provides the first evidence on the relationship between Dicer and miR-21a-3p in endothelial cell tumors and specifically identifies the mechanism for prolonged miR-21a-3p half-life under conditions of Dicer knockdown. These findings pave the way to broader applications to many other types of tumors where low cellular levels of Dicer and elevated miR-21 levels have been observed (42, 43, 54) .
